Background: Pathogenic mutations in rapsyn result in endplate acetylcholine receptor (AChR) deficiency and are a common cause of postsynaptic congenital myasthenic syndromes.
The congenital myasthenic syndromes (CMS) are heterogenous disorders of neuromuscular transmission caused by defects in presynaptic, synaptic, and postsynaptic proteins of the neuromuscular junction. 1 Among the 295 patients with CMS investigated at the Mayo Clinic, 15% carry mutations in rapsyn, a postsynaptic protein. 1 Rapsyn binds to the long cytoplasmic loop of the AChR subunits 2 and is essential for clustering and anchoring AChR in the postsynaptic membrane. Rapsyn is composed of several functionally distinct regions ( figure 1A) : a myristoylated N-terminal is required for membrane interaction 3 ; 7 tetratricopeptide repeats (TPR) are important for rapsyn self-aggregation 4 and binding to the cytoplasmic portion of the muscle-specific kinase MuSK 5 ; the coiled-coil domain interacts with the cytoplasmic loops of AChR subunits 6 ; and the C-terminal domain binds to ␤ dystroglycan and thereby links the rapsyn-AChR complex to the cytoskeleton. 7 Mutations in rapsyn compromise the safety margin of neuromuscular transmission by causing endplate (EP) AChR deficiency. 8 The clinical spectrum of rapsyn-CMS varies from severe hypotonia and arthrogryposis at birth to mild limb muscle weakness. Early and late-onset phenotypes have been described. 9 Episodic respiratory crises and lack of ophthalmoparesis have been reported as hallmarks of rapsyn-CMS that differentiate it from the CMS caused by low expressor mutations in the AChR subunit. 10 Here we review our findings in 39 rapsyn-CMS patients investigated at the Mayo Clinic.
METHODS This study includes 21 male subjects and 18 female subjects with rapsyn-CMS. All human studies were in accord with the guidelines of the Institutional Review Board of the Mayo Clinic. Written consent was obtained from all patients participating in the study. Nineteen of the patients were seen at the Mayo Clinic. Additional information came from follow-up letters from referring physicians or correspondence from patients regarding their management. In 20 patients, the clinical and EMG data were obtained from other medical centers.
All patients underwent neurologic examination and 32 had EMG studies using 2-3 Hz repetitive nerve stimulations of selected proximal, distal, or facial muscles, or single fiber EMG. Seven patients underwent intercostal or anconeus muscle biopsies for EP studies by in vitro microelectrode and electron microscopy studies, as described. 11, 12 The number of AChRs per EP was estimated with 125 I-labeled-␣-bungarotoxin 11 and acetylcholinesterase was visualized on glutaraldehyde-fixed teased single muscle fibers by Gautron's method. 13 All 8 exons and flanking untranslated regions of RAPSN including 800 bp upstream of the translational start site were sequenced as previously described. 14 We used allele-specific PCR to screen for new mutations in the proband's relatives and in 100 unrelated control subjects. PolyPhen (http://genetics.bwh. harvard.edu/pph/index.html) software was used to predict the possible effect of the missense mutations.
RESULTS Phenotype. Table 1 shows the presenting symptoms as well as age at onset, age at diagnosis, and age at the last follow-up. Thirty-six patients were treated with pyridostigmine (Mestinon; Valeant Pharmaceuticals International, Aliso Viejo, CA) and all responded positively. In 11 patients, addition of 3,4-diaminopyridine (3.4-DAP; Jacobus Pharmaceutical Co., Princeton, NJ) resulted in further clinical improvement. Patient 2 responded incompletely to pyridostigmine and 3,4-DAP, but improved further on receiving ephedrine. 15 Follow-up information was available in 25 patients after start of therapy with cholinergic agents. The mean follow-up time after start of therapy was 6.6 years (range 0.5-18 years). In this subset of patients, 21 became stable or were improved except for intermittent worsening, but the exacerbations decreased in frequency and severity and 2 became asymptomatic. Three patients had a progressive worsening: patient 1 experienced increased weakness after pregnancy associated with much weight gain; she improved with weight loss but still remained weaker than previously. Patient 2 experienced progressive worsening of dysphagia and fatigability between 6 and 11 years of age, and then became stable. Patient 39 became progressively weaker between the first and fifth decade of life and was wheelchair-dependent when last examined at the age of 45 years. Despite combined therapy with pyridostigmine (360 mg/day), 3,4-DAP (1 mg/kg/day), and albuterol extended release (Vospire ER; DAVA Pharmaceuticals, Fort Lee, NJ) (4 mg/day), he can take only a few steps independently. Patient 29 died at age 1 of respiratory failure. EMG studies. These were done in 32 patients. A decremental response on 2-3 Hz stimulation was detected in 23 but in patient 28 this appeared only after exercise. In 3 patients (patients 13, 15, and 30), a decremental response at 2 Hz appeared only after 10-Hz stimulation for 5 minutes. Five patients (patients 12, 24, 25, 30, and 38) with no EMG decrement at rest had abnormal jitter on single-fiber EMG. IV edrophonium (Tensilon; Baxter Healthcare, Deerfield, IL) partially or fully repaired the EMG decrement in 5 patients (patients 3, 10, 17, 27, and 34). In 6 patients (patients 1, 4, 13, 17, 27, and 39), the decrement was also improved by an oral dose of 3,4-DAP. The compound muscle action potentials were of normal amplitude in all. Needle EMG examination, performed in 11, showed rapid recruitment of short duration and unstable motor unit potentials in 9. Spontaneous muscle activity was not observed in any patient.
Endplate studies. Between 1992 and 2008, 7 patients underwent intercostal or anconeus muscle biopsies for in vitro electrophysiologic and morphologic studies. The number of AChRs per EP was between 19% and 55% of normal; mean 39% of normal. All had decreased MEPP amplitude (12% to 47% of normal; mean 36%) and a decreased MEPC amplitude (20% to 80% of normal; mean 38%). The mean number of AChRs per EP varied from 16% to 80% of normal. Quantal release by nerve impulse at 1 Hz fell in the normal range, except in 2 patients in whom it was increased to 60 and 66 (normal mean Ϯ SE: 31 Ϯ 1; range: 17-46; n ϭ 11). Single-channel studies of the EP in 7 patients revealed no kinetic abnormality of the AChR channel.
All muscle specimens showed type 1 fiber predominance without myopathic features. Teased single muscle fibers displayed multiple small EP regions distributed along an elongated length of the fibers (figure 2A). In each patient, electron microscopy studies revealed simplified postsynaptic regions with no or only few junctional folds ( figure 2, B and C ), yet the structural integrity of the postsynaptic region was preserved. The distribution of AChR on the simplified postsynaptic membrane was patchy and discontinuous ( figure 2B ).
Mutation analysis.
Results of the mutation analysis are summarized in table 2 and figure 1B. Six patients (patients 7, 9, 27, 30, 37 , and 40) carried p.N88K and a second novel mutation. None of the novel mutations was detected in 100 unrelated control subjects. Analysis by the PolyPhen software predicted R242W and L326P probably deleterious, and R164H possibly deleterious. Each unaffected parent carries a RAPSN mutation on one allele, and the unaffected siblings carry one or no mutation. Affected siblings of 11 patients (patients 3, 4, 6, 9, 10, 18, 19, 20, 21, 30 , and 31) carry the same mutations as the proband. The 8 patients (patients 16 and 19 -25) homozygous for the c.-38AϾG E-box mutation in the rapsyn promoter region were all from the Near-East and had mandibular prognathism and a mild clinical course. DISCUSSION In 38 patients and in their affected siblings, the disease manifested at birth or in the first 2 years of life. Only one patient presented at 5 years of age. This contrasts with previous reports of onset as late as the fifth decade of life. 9, 16 Most patients had ptosis of varying severity; in 5 it was asymmetric, a finding thought to be uncommon in congenital myasthenias. 17 As previously observed, 9, 18 strabismus was relatively common, but 9 patients in our series have had constant or episodic ophthalmoparesis. Therefore, ophthalmoparesis is not a reliable negative criterion for distinguishing rapsyn-CMS from CMS caused by low expressor mutations in the AChR subunit as previously suggested. 9 Still, except for the CMS caused by mutations in DOK7, ophthalmoparesis is less common than in other forms of CMS. Facial and bulbar weakness were common, often associated with neck muscle weakness. Proximal muscle weakness was as or more severe than distal weakness. One patient had only mild distal but no proximal weakness, but his proximal muscles fatigued abnormally on exertion and he also had ptosis, ophthalmoparesis, and facial weakness. Out-of-proportion weakness of the foot dorsiflexors was reported a feature of the late-onset phenotype, 9 but it was not detected in our series of early onset patients. Intermittent exacerbations occurred in more than half of the patients. Arthrogryposis manifesting at birth occurred in less than a third of the patients.
Patient 38 with a homozygous N88K mutation had limb-girdle weakness and abnormal fatigability present at least since the age of 5 years. He had no ocular, facial, or bulbar symptoms, intermittent exacerbations, and his clinical course was stable. His muscle biopsy showed no tubular aggregates. This patient's case extends the genetic causes of the congenital limb-girdle myasthenias beyond mutations in Dok-7, or with tubular aggregates in muscle with no mutations in Dok-7. [19] [20] [21] Not all patients had a decremental EMG response at rest. Six with mild weakness of muscles accessible for repetitive nerve stimulations had none, but in 5 of these single-fiber EMG demonstrated abnormal jitter and blocking. Three patients with mild weak- Table 1 Presenting symptoms, age (in years) at onset, at diagnosis, and at last follow-up ness had a transient decremental EMG response at 2 Hz immediately after a conditioning train at 10 Hz for 5 minutes. This is a nonspecific finding in different types of CMS; it is specific only if it persists for 5-10 minutes after stimulation, in which case it would point to a defect in choline acetyltransferase. 22 The in vitro electrophysiologic and electron microscopy studies of intercostal or anconeus muscle EPs in 7 patients showed multiple small synaptic contacts dispersed over an extended length of the muscle fiber. Electron microscopy revealed EPs with few or no junctional folds, and a patchy distribution of AChR on the highly simplified postsynaptic membrane. The safety margin of neuromuscular transmission in rapsyn-CMS is compromised by the decreased amplitude of the MEPP which is due to the decreased number of AChRs per EP, and by the paucity of junctional folds which decreases the input resistance of the postsynaptic membrane and hence the amplitude of the MEPP. 23 Interestingly, the decrease in the number of AChRs per EP (mean decrease 32% of normal) is less marked than in patients with low-expressor mutations in AChR subunits in whom it is typically less than 10% of normal. This likely explains why the amplitude of the MEPP and MEPC is not as markedly reduced, and why in some patients the EMG decrement is more difficult to detect, than in patients with low-expressor mutations of the AChR.
Since the discovery that mutations in rapsyn cause a CMS, 8 a total of 45 rapsyn mutations have been identified, 15 by us 14, 15, 24 and 30 by other investigators. 9, 10, 16, 18, [25] [26] [27] [28] [29] [30] [31] The mutations are dispersed through the entire RAPSN gene. N88K occurred with high frequency, as observed in other series. 9, 18, 26, 32 Six mutations reported here are novel and family analysis indicates they are recessive.
The mutated arginine at codon 164 (p.R164H) and 242 (p.R242W), and the mutated leucine at codon 326 (p.L326P), are highly conserved among species ( figure 1C) . p.R164H is located in TPR5. Another mutation at the same location (p.R164C) was shown to reduce coclustering of AChR with rapsyn by about 50%. 29 Although arginine and histidine are both positively charged amino acids, histidine has an imidazole group which likely affects the secondary structure of rapsyn. p.R242W is located in the linker region between TPR6 and TPR7. Replacing the positively charged arginine with the larger nonpolar tryptophan may distort the structure of the close TPR7, interfering with its role in co-clustering of AChR with rapsyn. A new mutation was previously reported in rapsyn-CMS 4 amino acids downstream (p.A246V). 18 p.L326P is the first mutation observed in the coiled-coil domain (298 -331) of rapsyn. This domain interacts with the long cytoplasmic loop of each AChR subunit and is essential for clustering AChRs. 4 Leucine at position 326 contributes to the continuous hydrophobic surface of the coiled-coil domain. The integrity of this hydrophobic surface has been shown to be essential for AChR clustering by sitedirected mutagenesis studies. 4 Regarding the novel p.V50_S55del, 3 of the 5 deleted amino acids are conserved across species (figure 1C) . The deletion is located in the TPR2, one of the most important domains for rapsyn selfclustering. The deletion may also affect the folding of the protein. Rapsyn mutant lacking TPR2 does not form clusters efficiently and exerts a dominant negative effect when expressed with wild type rapsyn by disrupting rapsyn self-association. 33 The nonsense mutation p.Q325X results in truncated rapsyn lacking part of the coiled coil domain and the C-terminal Ring-H2 that mediates association of rapsyn with AChR subunits and dystroglycan. 4, 7 The mutant rapsyn also lacks the extreme C-terminus essential for MuSK-induced tyrosine phosphorylation of the AChR ␤ subunit. 34 The splice-site mutation c.966 ϩ 1GTϾAG may result in exon skipping, intron retention, creation of an intronic pseudo-exon, or activation of cryptic splice site. 35 Point mutations at position IVS ϩ 1GϾA more likely lead to cryptic 5Ј splice sites. 36 Therefore, the splice site likely affects the coiled-coil and the C-terminal RING-H2 domains of rapsyn. We found no genotype-phenotype correlation except the association of the homozygous c.-38AϾG rapsyn E-box mutation in Near Eastern patients with mandibular prognathism and a mild clinical course. 14, 37 In particular, heterozygous truncation mutations are not associated with a more severe phenotype and the phenotypic spectrum of p.N88K homozygosity in our series encompasses respiratory failure at birth (patient 4), mild ptosis with intermittent exacerbations (patient 12), and pure limb-girdle weakness (patient 38). Arthrogryposis occurred in patients with missense, frameshift, in-frame, and promoter region mutations. The type of mutation did not correlate with the clinical course, which included stability, improvement, or progressive worsening. The type of mutation also did not correlate with the extent of the EMG decrement or with the decreased amplitude of the MEPP and MEPC.
